It is well known that the presence of large heterogeneous textured regions in forged near alpha titanium alloys could lead to large variations of mechanical properties when fatigue and creep cycles are applied at room temperature. On the other hand, experimental studies and microtexture investigations are complex to set up, lengthy and costly, and one cannot expect to understand the alloy behavior by relying only on empirical approaches. Hence, numerical methods are excellent alternatives for analyzing the influence of microscopic and macroscopic heterogeneities on mechanical properties in shorter times and with minimum need for experimentation. In the present investigation, a cellular automata (CA) method was used to simulate the effect of texture heterogeneities, on both local and global mechanical properties. A 2D array of cells was used and the stresses and strains developed in various heterogeneous regions were evaluated using the Eshelby theory. Using the CA method, various types of microstructures were modeled and compared with each other to quantify the influence of processing parameters on mechanical properties. The results predict, and are used to explain, the experimentally phenomena observed in creep responses during cold fatigue/creep tests of near alpha titanium samples.
INTRODUCTION
Near alpha titanium alloys offer a clear advantage in terms of reduced density and corrosion damage [1] . However, it is known that, components made of these alloys suffer from room temperature creep sensitivity which is hindering the widespread application of these alloys. Specifically, life reductions, over an order of magnitude large have been commonly observed when the fatigue cycle contained a dwell period at the peak stress [2] . These dwell fatigue tests have been associated with the observation of significant creep at room temperature. Theoretical models, such as self-consistent, have been used to predict the mechanical behavior of the alloy based on the flow rules of the different constituents [3] . Most of these methods were originally developed for linear elastic materials but were later extended to linear viscoplastic materials. Some approaches have been proposed describing the behavior of two phase nonlinear aggregates. The variational structure proposed by Castaneda describes the effective energy density of nonlinear composites in terms of the corresponding energy density for linear composites with the similar microstructural distributions [4] . This approach has been used to obtain bounds and estimations for the effective mechanical properties of nonlinear composites using any bounds and estimates of linear composites. An alternative method has also been proposed by Suquet for bounding the overall properties of a class of composite materials in terms of the properties of the individual phases and of their arrangement [5] . It applies to power law materials and, as a special case, to rigid ideally plastic materials. Using this approach, a link between the overall potential of a nonlinear composite and the overall energy of a fictitious linear composite is presented with no assumptions on the arrangement of the phases. These methods have the advantage to lead to new nonlinear upper bounds. However, they only take into account the shapes of the phases, and sometimes whether one phase is embedded in the other one or not. No predictions can be made on the influence of the phase distribution, or of the evolution of local mechanical properties. Such results can, in principle, be obtained using finite element calculations, but require very long computational times to achieve accurate results [6] . In recent years, cellular automata (CA) method has been used as an alternative to finite element method due to its simplicity of use and its relatively short calculation times [7] . The CA technique can be used to easily and rapidly localize the maximum stress and strain in the microstructure and carry out statistical analysis. The technique was first developed to predict the behavior of two-phase linear or nonlinear viscous aggregates submitted to plane strain [8, 9] and revealed to be efficient for analyzing the distribution of deformation within each phase [10] . The objectives of the present paper are twofold: 1) To apply the CA method to simulate heterogeneous aggregates submitted to room temperature creep/fatigue test; and 2) To provide a detailed analysis for the large variations observed in creep/fatigue responses of forged titanium samples subjected to similar loading conditions. In the following, the basic features of the CA model are first described followed by the analysis of the simulation results on the evolution of the global as well as local mechanical parameters under creep/fatigue testing.
SIMULATION OF THE MECHANICAL BEHAVIOR OF MATERIALS

Cellular automaton approach
Cellular automata are algorithms that describe the discrete spatial and/or temporal evolution of complex systems by applying local or global deterministic or probabilistic transformation rules to the sites of a lattice (Conventional cellular automata use local rules. Some modem variants consider also intermediate or long-range interactions). The space vari~ble can stand for real space, momentum space, wave vector space,.etc.. The lattice is defined in terms of a fixed number of points (cells). In the space, these consist of the vertices of a regular, fmite-dimensionallattice which may extend to infinity, though in 
Description of topology
The two-dimensional CA was built as a heterogeneous aggregate, submitted to axisymmetric tension. This axisymmetry is assumed at both macroscopic and local scales. Each cell has 6 neighbors and keeps them throughout the deformation process. The nearest neighbor relations are displayed in the form of a hexagonal array (Figurel) . The cell characteristics (in this case the Young's modulus) can be randomly distributed, aligned or packed in clusters. The clusters can also be randomly distributed or arranged according to a specific order. 
MODELING MECHANICAL BEHAVIOR DURING CREEPIFATIGUE TEST
Cells are assumed to be isotropic and incompressible. In this study, the material is submitted to a cyclic creep/fatigue loading characterized by three stages: (i) the loading stage, (ii) creep period (application of a constant load for a fixed period of time), and (iii) unloading stage. Eshelby theory was used to evaluate the local stresses and strains developed in the microstructure for various loading conditions [12, 13] .
Loading phase
According to Eshelby's analysis, the first step of the computation is that of localization, where the local strain of each grain (cell) ee is derived as a function of the remote loading strain eOO .
The main assumption of the present model is to consider each grain as an inclusion embedded in its neighborhood. Hence, for the elastic loading phase, the strain associated with any cell (C) is given by Eq. (1).
(1)
Strain components are evaluated explicitly after reduction of indices by the following equations using the axisymmetry of the loading case:
The localization factors fj,,~are functions of the bulk modulus, K, and the shear modulus, Jl, of the cell (C) and its neighbors (V) (see appendix 1). Figure 2 shows the main direction ofthe remote loading strain at infinity.
----Sl~. The bulk and shear moduli were calculated using the following equations:
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where E is the Young's modulus and v is Poisson factor and is taken equal to 0.3. It is important to mention that, in Eshelby's theory only isotropic materials are considered. Hence, in the present investigation the crystallographic elastic anisotropy effects were taken into account by assuming a distribution of the Young's modulus of an isotropic material (resulting to proportional distributions of K and fJ). The stresses in each cell are then calculated using the following equations derived from the Hooke law and the loading symmetry (£1~= £;) .
where K C = K C + 4,uc and K2C = KC _ 2,uc 1 
3
Creep period
For this step, it is assumed that the local stress calculated earlier in the cell is maintained constant during the dwell period. It is also assumed that during the dwell period, creep takes place at room temperature and local strains can be evaluated as a function of the cell's local stresses and creep behavior. This behavior is described by the modified strain-rate sensitive Hollomon flow equation, where the flow stress (Von Mises equivalent) is a function of both strain and strain rate (Von Mises equivalent) Eq. (10) . (10) From Eq. (10) the strain rate during plastic flow can be obtained by: (11) From Eq. (11) we obtain the following relation: (12) Integrating Eq. (12) for constant stress condition and considering that the strength parameter k is independent of time, the local strains are then evaluated by Eq. (13):
In the model, the following relation for &~was derived from the above Hollomon equation:
where (J"c is the stress tensor at the cell level (local stress), (jc the local equivalent stress (Von Mises), &C is the local creep strain tensor, m is the strain rate sensitivity, n is the strain hardening exponent, t denotes the creep period, K C is the strength parameter and SC the local deviatoric stress tensor calculated using the following equation:
At the end of this step, each grain (cell) has undergone various amounts of strain.
Unloading stage
Theoretically, the global residual stresses vanish once the applied load is removed and the model should be able to predict such behavior. On the other hand, local residual stresses may persist at the end of each cycle and carried out to the next one. In the present analysis, it was assumed that the local plastic deformation induced by the springback is equal to the difference between the cells plastic strain and the average plastic strain of its neighbors. To evaluate the residual strain &: and stress (J": tensors after unloading, the Eshelby theory, as modified by Mura [14] , was used. To evaluate the residual strains, the stress free transformation tensor pC of the equivalent homogeneous inclusion related to the cell C is defined by Eq. (16) . (16) where &. C is the additional free stress transformation in the equivalent homogeneous inclusion to compensate the difference from the inhomogeneous cell and &Pc is the stress free strain corresponding to the plastic incompatibility between the matrix and the cell (more precisely here, it is the average creep strain of the neighboring cells minus the creep plastic strain of the central cell).This general Eshelby problem is usually solved in pC with the linear system given by the equivalence relation between the inhomogeneous cell and the related equivalent homogeneous inclusion:
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In the present case, the problem is simplified as both pC and spc are diagonal due to symmetries, and more prreisely pC {r -~/2~J~dE' c = [ -Et -E:/2 :,} Assuming that the spherical shape of the inclusion remains the same throughout the deformation process the Eshelby tensor 8 is: 8 11 822 833
7 -5v
where v is the Poisson factor (common for all here). Note that shear components such as S12 12 are not used here because of the diagonal form of pC . Finally, the equivalence relation leads to a simple scalar equation giving p from se (see Appendix II). Once this stress free transformation is calculated, the residual strains and stresses (i.e. at the grain level) can be calculated using standard Eqs. (16) and (17).
A useful and scalar formulation is given in Appendix III. Due to the incompressible residual strain state, the Hooke law can be expressed here as:
Thus, at the end of each unloading stage, each cell has a definite amount of residual strain that should be taken into account in the next loading cycle.
It is important to note that in the present work, at the end of each step (loading, creep and unloading stage) the average strain, stress, residual strain and residual stress are evaluated.
MATERIAL BEHAVIOR
Near alpha titanium alloys such IMI 834 or Ti6242 belong to the class of High-temperature alloys used for aero-engine applications. This class of alloys is ideal for high temperature since it combine the excellent creep behavior of a alloys with the high strength of a + fJ alloys. Their upper operating temperature is limited to about 500 to 550°C. However, these materials are characterized by large spatial variations of Young's modulus E (from 108 GPa to 145 GPa), and by strong heterogeneous distribution of crystallographic orientations (called macrozones) [15] . Experimental investigations have indicated that the presence of higher primary a phase in the macrozones results in lower creep resistance at ambient temperature. Hence, in order to better understand the impact of such heterogeneities on the overall and local mechanical behavior of the material, four rnicrotextures were generated using a computer program. The power law exponents m and n in Eqs. (10) and (11) were taken equal to m = 0.01 and n = 0.025 for all grains. To allow only soft grains (i.e. with minimum Young's modulus) to creep significantly, the strength parameter K was chosen to be a linear function of the Young's modulus:
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where E is the Young's modulus of the cell, a = and = K min
The coefficients a and b in the equation were determined using regression analysis on K max and K min values. The best approximation for the average value of K (case of Ti6242 where K = 1430MPa [16] ) was obtained for K max = 2000MPa and K max = lOOOMPa. 
Results and discussion
The simulations were carried out for 6000 cycles by imposing strains (assumed remote loading) to the material until a global stress of 830MPa was attained. The material was then maintained under this load for 30 s (creep period) before unloading. Each grain (cell) evolves in a different way according to its specific neighborhood, properties and microstructures; therefore different global behaviors are expected. Figure 5 compares the evolution of the strain for the four microstructures considered in the present study obtained by creep/fatigue simulation. It can be seen that, in spite the fact that similar mechanical properties were assumed for the four microstructures, a different deformation response is observed. Specifically, microstructure 4 deforms faster than the three others. This variation in the behavior was also observed experimentally by the authors with specimens made of a bimodal IMI 834 alloy [17] . As shown in Figure 6 , two specimens prepared from the same forged part display significant differences in term of strain response to fatigue/creep test. The experimental tests were conducted at room temperature at 830 MPa (peak stress) and with 30 s holding period. The Young's modulus distribution presented in Figure 4 shows that the proportion of "soft" grains is higher in microstructure 4 than in the three others indicating that more deformation will occur in microstructure 4 than in the three other microstructures. The simulation results indicate also that, the maximum stress was not localized on the hardest grain (i.e. with maximum Young's Modulus values (Figure 7) ). Finally the results indicate that, the position of the maximum is not constant and varied during the test (Figure 8) . Based on the obtained results, it can be clearly stated that the global behavior of the material is sensitive to the spatial distribution and crystallographic orientation of the grains. Also, it was observed that at the local level, some grains attained very high levels of stress (well above the yield stress) before the 6000 cycles of the test were attained. These imply that, premature fracture could occur as the high level of stress at the grain level could go above the threshold for cleavage thereby inducing crack in the microstructure. The crack can eventually propagate rapidly if the environment is favorable. The major advantage of the CA method is the possibility to follow the evolution of the stress at the grain level during each cycle of the creep/fatigue test and obtain more information regarding the local mechanical behavior of the material. The results obtained for microstructure1 and microstructure2 show that, in spite of the similar spatial distribution and mechanical properties of the two microstructures, the strain response during creep/fatigue were significantly different. The statistical analysis with cellular automata demonstrates that the global mechanical behavior is influenced by the local behavior where the stress and strain varied from one grain to another. In fact, each grain attains different levels of stress depending on its orientation and neighborhood. For example, in microstructure 1, for those grains with the maximum stress after the first cycle (curve 1, Figure 9 ), it can be seen that after 500 cycles the stress increases continuously during the entire creep/fatigue test with a stress level of 954 MPa. By contrast, for the grains with minimum stress (curve 2, Figures 9 ) the stress level decreases until it reaches a minimum value and remains constant during the entire creep/fatigue test. Other examples for local stress evolution are presented in Figures 10 and 11 . For grains with maximum stress, the stress increased rapidly until 4500 th cycle before attaining a steady state value (curve 1, Figure  10 ) while for the grains with lower stress (curve 1, Figure 11 ) the steady state was attained after 3000 th cycle. For grains with the maximum Young's modulus value, the stress increases continuously during the creep/fatigue test (curve 2, Figure 10 and Figure 11 ). By contrast, for the grains with the minimum value of strength parameters (K C ) in microstructures 1 and 2 the stress decreases until it reaches a steady state value and remains constant during the remaining part of the creep/fatigue test (curve 3, Figure 10 and 11). This behaviour indicates that the level of deformation of such grains increases continuously during the test. 
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------------cu;;ei- The influence of texture on the mechanical behavior was studied for microstructures 3 and 4. Although, the two microstructures have identical mechanical properties they possess large differences in spatial distribution and crystallographic orientation. The analysis of the data indicated that, local stress increased continuously during the creep/fatigue test in the grains of microstructure 3 and 4 which were at maximum stress levels after the first cycle (curve 1, Figure 12 and Figure 13 ). For the grains with minimum stress after the first cycle, (curve2, Figure 12 and Figure 13 ) the stress decreased rapidly after the first cycle and remained constant during the entire creep/fatigue test. For the grains with maximum stress reached after 6000 cycles (curve3, Figure 12 ), it can be seen that, the stress level increases until the 4000 th cycle and remains constant (1080 MPa) during the rest of the test. Furthermore, as shown in curve 3, Figure 13 the stress level increases until the 2800 th cycle and then remains at the constant value of 1052 MPa during the rest of the test. 
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___ --------C;";e-2 ...... The stress history of the grains with maximum Young's modulus show two different behaviours: for microstructure3 (curve 4, Figure 12 ) the stress increases steadily during the creep/fatigue test while for microstructure 4 (curve 4, Figures 13) , the stress increase rapidly for the first 500 cycles and then drops to a steady state level until the end of the test. For the grains corresponding to the minimum value of strength parameters (K C ) for both microstructures 3 and 4 (curve 5, Figures 12 and 13 ) the stress decreases until a steady state value is reached and remains constant during the remaining part of the test. The results show that the minimum value of stress does not correspond necessarily to the minimum value of the strength parameters (K C ).The above results reveal clearly that the strain response is sensitive to the spatial distribution and grain orientation in the microstructure and highlighted the importance of texture in strain distribution at the local level. The results also indicated that, the maximum stress at the grain level changes during the creep/fatigue test, some grains reaching very high levels of stress depending on their neighborhood. Considering that very high levels oflocal stresses are attained, it is possible to assume that, some may reach the threshold stress for cleavage. Once generated, the crack could continue to propagate or not according to the nature of the neighborhood and especially their crystallographic orientation. Thus, if cleavage can propagate in the neighborhood area, the crack will progress and could quickly reach a size equivalent to the size of the region having a favorable texture orientation. In other words, if a grain generates a cleavage crack and its local texture is close to orientations susceptible of cleavage, it is probable that the crack progresses in the entire textured zone, i.e., within the macrozone. By contrast, if the neighborhood is not favorable to the propagation of the cleaved zone, the crack will not propagate. This type of model could be used to explain and predict the behavior of materials that are suffering from subsurface cleavage type fracture. The results obtained by the CA method presented in this paper, clearly show that, as the number of cycles increases, new grains can reach the cleavage stress, suggesting the possibility of activating several sites of crack one after the other, and this at different stages of the creep/fatigue test. Such a behavior has been observed experimentally by Sinha et al [18] .
CONCLUSIONS
The Cellular Automaton method was used to study the influence of microstructure heterogeneities on creep/fatigue (dwell fatigue) behavior of forged near alpha titanium alloys. The results of the study indicated that the mechanical behavior of the material could be related to microstructure variations in term of elastic and creep properties. Indeed, the distribution and the local variation of the Young's modulus generate different stress levels at the local scale. The maximum stress is not located inevitably on the grains which have the maximum Young's modulus, but could be on the grains with high modulus of elasticity and whose neighborhood is heterogeneous (simultaneously compound of hard and soft grains). The model shows clearly that during creep/fatigue tests, the grains reach various levels of stress according to their spatial distribution and their Young's modulus with the stress level changing during the creep/fatigue cycles. This could explain why for certain orientations (i.e. some samples) a very different stress behavior from the average is observed, and in particular, why certain premature failures occur in some manufactured parts.
APPENDIX II
In our context, the standard Eshelby equivalence relation between the equivalent homogeneous inclusion and the heterogeneity can be simplified as a scalar. More precisely, it becomes after projection on the deviatoric subspace and regarding the 33 component: v( SII 13 Sl1 13 Sl1 13 13) 
